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Abstract  55 

Preclinical studies in models of neurological injury and disease rely upon behavioral 56 

outcomes to measure intervention efficacy. For spinal cord injury, the CatWalk system 57 

provides unbiased quantitative assessment of subtle aspects of locomotor function in 58 

rodents and so can powerfully detect significant differences between experimental and 59 

control groups. Although clearly of key importance, summary group-level data can obscure 60 

the variability within and between individual subjects and therefore make it difficult to 61 

understand the magnitude of effect in individual animals and the proportion of a group that 62 

may show benefit. Here we calculate ‘reference change intervals’ that define boundaries of 63 

normal variability for measures of rat locomotion on the CatWalk. Our results indicate that 64 

many commonly-used outcome measures are highly variable, such that differences of up to 65 

70% from baseline value must be considered normal variation. Many CatWalk outcome 66 

variables are also highly correlated and dependent upon run speed. Application of calculated 67 

reference change intervals to open access data (odc-sci.org) on hindlimb stride length in 68 

spinal cord-injured rats illustrates the complementarity between group-level (16mm 69 

change; P=0.0009) and individual-level (5/32 animals show change outside reference 70 

change interval boundaries) analysis between week 3 and week 6 after injury. We also 71 

conclude that interdependence amongst CatWalk variables implies that test ‘batteries’ 72 

require careful composition to ensure that different aspects of defective gait are analyzed. 73 

Calculation of reference change intervals aids in experimental design by quantifying 74 

variability and enriches overall data analysis by providing details of change at an individual 75 

level that complement group-level analysis.  76 

 77 

Significance statement 78 

Selection of robust candidate interventions for translation from experimental animals into 79 

the neurology clinic requires meticulous examination of behavioral effects observed in the 80 

laboratory. Although analysis of group-level data, the current mainstay, is critically 81 
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important, analysis of individual-level data provides a complementary viewpoint that, 82 

bearing in mind the immense variability in neurological deficits in people with spinal cord 83 

injury, has high relevance to the interpretation of studies on putative therapies. Here we 84 

describe the derivation of specific ‘reference change intervals’ and, using example data, 85 

show how these augment interpretation of overall effect and can aid in effective 86 

experimental design. The combination of group-level and individual-level analysis will 87 

provide more stringent analysis of intervention effects in neurological injury and disease 88 

research.      89 
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Introduction 90 

Spinal cord injury research has two broad goals: to understand mechanisms by which injury 91 

causes tissue and functional loss and to develop methods of treatment that can be 92 

translated into the clinic. While the past 3 decades have seen substantial progress in 93 

achieving the first goal (Alizadeh et al., 2019), the second remains largely unfulfilled 94 

(Garner, 2014; Siddiqui et al., 2015; Eckert and Martin, 2017). 95 

 96 

Depending on the functional target, there are many ways to define a successful 97 

experimental therapy, but, especially in view of the high costs, it is essential to identify truly 98 

effective interventions to carry forward to clinical trials. Standard analysis of outcome after 99 

an intervention designed to ameliorate the functional deficits caused by spinal cord injury 100 

relies on comparisons between groups of experimental animals and defines the population-101 

level effect of an intervention. In contrast, the questions asked by a patient in the clinic are: 102 

‘How likely am I, as an individual, to get benefit from this intervention?’ and ‘How much 103 

benefit will I get?’ Neither of these questions can be answered by group-level analysis, nor 104 

are benefits at an individual level guaranteed by detection of group-level efficacy (Rousselet 105 

et al., 2016). 106 

 107 

Individual-level analysis has many complementary benefits. Importantly, it can reveal intra- 108 

and inter- individual variability and thereby differentiate an intervention that produces an 109 

apparent difference between groups that is dependent upon a large change in a small 110 

number of individuals from one that produces more widespread benefit throughout the 111 

group (Weissgerber et al., 2015; Rousselet et al., 2016). In addition, it can aid in 112 

quantifying benefits by putting the magnitude of the intervention effect into context through 113 

comparison with changes in outcome that can arise through spontaneous variability alone. 114 

This is most important at an individual level: spinal cord-injured people seek an intervention 115 

that will have substantial impact on their everyday lives and, to do so, such an intervention 116 
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must have an effect that is greater than might arise through day-to-day variability alone. 117 

Interventions that produce reproducible benefits at both group and individual level can then 118 

be unequivocally recognized as appropriate candidates for translation.  119 

 120 

Assessment of function following experimental spinal cord injury in animals has traditionally 121 

relied upon observations of gait (e.g. Tarlov and Klinger, 1954), and nowadays most 122 

frequently through the BBB scale (Basso et al., 1995). Concerns about the nature of the 123 

BBB scale and its sensitivity in detecting non-stereotypical patterns of locomotor recovery, 124 

both of which could affect the reproducibility of outcomes (Steward et al., 2012), spurred 125 

the development of the CatWalk apparatus (Hamers et al., 2001; Koopmans et al., 2005). 126 

Its main advantage is that, through computerized analysis of locomotion on a walkway, it 127 

provides unbiased, quantitative data on multiple components of gait and paw placement. 128 

CatWalk analysis is now widely used to objectively quantify outcomes in spinal cord-injured 129 

rodents and control and intervention groups can be compared to assess efficacy of proposed 130 

novel therapeutics. To date it been used to detect differences between groups of animals 131 

but, in line with the objectives outlined above, it also provides data that are amenable to 132 

analysis of individual responses.  133 

 134 

All measurement methods are susceptible to variability, which arises from factors both 135 

within and external to each individual. A key component of individual-level analysis is 136 

partitioning sources of variability; appropriate methods have been developed in hospital 137 

clinical laboratories so that an individual’s disease progress or response to therapy can be 138 

monitored. Sources of variability must be analyzed in individuals at a plateau of health or 139 

disease and can be appropriately allocated through repeated measures on small numbers 140 

(~8 or more) of normal individuals (Fraser and Harris, 1989; Braga and Panteghini, 2016). 141 

In this study, we used the same approach to define expected boundaries for individual 142 

variability of behavioral function on the CatWalk. We also aimed to define clearly the exact 143 
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methods that were used for obtaining the data, with a view to simplifying comparison of 144 

data between and within laboratories, thereby enhancing reliability and reproducibility. 145 

Because CatWalk produces a large range of outcomes we initially used PubMed to survey 146 

recent publications to identify frequently reported outcomes after spinal cord injury. The 147 

variability in these commonly-used outcomes was then quantified in a group of young adult 148 

rats by making repeat measures of their function over an 8-week period. Finally, we 149 

examined correlation amongst outcome measures to identify combinations of measures that 150 

are most likely to provide independent outcome data.  151 

 152 

 153 

Material and Methods   154 

All animal procedures were performed in accordance with the Texas A&M University 155 

institutional animal care and use committee's regulations. 156 

 157 

Subjects 158 

The subjects were male Sprague-Dawley rats (N= 16) obtained from Envigo (Houston, TX, 159 

USA).  Upon arrival they were approximately 9 weeks old (250-275g) and were pair-housed 160 

in standard plexiglass cages with a 12 hour light / 12 hour dark cycle (changing at 7 a.m. 161 

and 7 p.m.) and food and water provided ad libitum. Subjects remained uninjured for the 162 

duration of the experiment, which consisted of a 5-day training period prior to weekly 163 

testing over a total period of 8 weeks.  164 

 165 

CatWalk settings 166 

We used CatWalk™ XT Version 10.6 (Noldus, Leesburg, VA, USA) for this study. The glass 167 

walkway was adjusted so that it was slightly more than 8 cm wide and the camera was 168 

positioned 75 cm below it, allowing the virtual walkway size to be set at 70 cm long by 8 cm 169 

wide. Before beginning the experiment, camera detection settings were adjusted using the 170 
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‘Auto Detect’ function in the program. The system was calibrated each time the camera 171 

position was adjusted using a 20 cm by 10 cm rectangular calibration sheet. Table 1 shows 172 

the values used throughout the experiment.  173 

 174 

Behavioral testing 175 

First, to facilitate training and testing on the CatWalk, subjects were acclimated to a food 176 

reward (FrootLoops™) placed in the home cage for 3 consecutive days, with no other 177 

activity. Training commenced immediately after food acclimation and for a total of 5 days. 178 

All training and testing sessions were conducted by the same researcher (MA) in a dark 179 

room at a consistent time of day (beginning at 9 a.m.). Before each session, animals were 180 

habituated to the testing room for 30 minutes.  181 

 182 

On the first day of training, the rats were introduced to the testing environment and 183 

CatWalk apparatus. First, they were moved to the testing room in their home cages and left 184 

undisturbed for 30 minutes. Then they were placed on the CatWalk individually and allowed 185 

to explore freely for a period of 10 minutes. Care was taken to ensure that the walkway was 186 

cleaned thoroughly before and after each subject.  At the end of the session, the rats were 187 

returned in their home cages to the vivarium. On each of the following 4 days, the rats were 188 

trained to cross the CatWalk: following a 30 minute acclimation to the room, they were 189 

placed at one end of the walkway and encouraged to walk across to the other end for a food 190 

reward. The training session was terminated once the animal successfully completed 3 full 191 

runs across the walkway or reached a maximum time of 10 minutes on the CatWalk.  192 

 193 

Baseline test data were acquired on the day immediately following the training period and 194 

then once weekly for the next 7 weeks. During each testing session, subjects were required 195 

to complete 3 compliant runs, which, for this study, were defined by continuous, 196 
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uninterrupted locomotion that traversed the entire walkway in either direction. Further 197 

criteria were also specified using the CatWalk program, as described in Table 2. 198 

 199 

Selection of popular CatWalk outcome measures 200 

A previous publication (Kappos et al., 2017) identified 4 variables as being most commonly 201 

used in CatWalk analysis (albeit for analysis of hindlimb nerve function): swing duration, 202 

(paw) print size, stride length, and maximum (paw) contact area. In this study we carried 203 

out a similar search in PubMed, but limited the search to only include studies on spinal cord 204 

injury in rats; our search terms were: ‘rat’, ‘spinal cord injury’, ‘Catwalk’. The search hits 205 

were then examined to extract the most commonly analyzed outcomes.   206 

 207 

Analysis of example data 208 

As an illustration of the value that can be added by using this new method we analyzed 209 

open source material available at odc-sci.org (https://scicrunch.org/odc-sci/lab/view-210 

dataset?labid=51&datasetid=26). These data were collected as part of an experiment to 211 

examine the relationships between different behavioral outcome measures following spinal 212 

cord injury (Ferguson et al., 2013) and the raw data made publicly available. Our analysis 213 

here is simply to demonstrate how the method can be applied to an experimental dataset 214 

that is available for readers to investigate for themselves and not to provide alternative 215 

interpretations of the data. The rats in that experiment were trained to cross the CatWalk 216 

before induction of a cervical spinal cord injury using the MASCIS/NYU 10g impactor 217 

dropped from 12.5mm (Gruner, 1992; Young, 2009). Behavioral function was then tested at 218 

week 1, week 3 and week 6 (although data from week 1 are unavailable [Ferguson et al., 219 

2013]). 220 

 221 

Since our analysis here is illustrative only we focused on one variable only; we selected 222 

hindlimb stride length because it is a widely-used outcome after spinal cord injury. We used 223 
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the week 3 data as baseline, then calculated the boundary value that would need to be 224 

breached to indicate a change in stride length that was ‘meaningful’ (i.e. exceeded that 225 

which might occur spontaneously because of physiological and analytical variation). We then 226 

compared the recorded value at week 6 for each rat with the previously calculated boundary 227 

value for improvement (in this example an increase in stride length) to determine in how 228 

many rats stride length was meaningfully increased. These comparisons were presented in 229 

tables.  230 

 231 

Statistics 232 

For each outcome variable the pooled data from all time points in all animals were evaluated 233 

for normality using histograms and q-q plots and then analyzed using standard methods to 234 

partition the inter- and intra- individual variation (Fraser, 2001). In this type of 235 

investigation the ‘analytical variation’ - that relating to variation in equipment function - 236 

cannot be estimated separately and so becomes included within the intra-individual 237 

variation. For most variables (those with a normal distribution) the raw data was entered 238 

into a mixed linear regression model with each animal entered as a random effect (Stata 14, 239 

StataCorp Ltd, College Station TX). The intra-individual coefficient of variation was derived 240 

as usual (i.e. standard deviation / mean) and then used to derive the reference change 241 

interval (RCI), which defines the upper and lower boundaries within which sequential 242 

measurements of the same variable may spontaneously vary within an individual, by using 243 

the previously described (Harris and Yasaka, 1983) formula of:  244 

 245 

RCI = baseline +/- (baseline * RCV)  246 

 247 

Where RCV (reference change value) = CVI * 20.5 * Zp  248 

And: 249 

CVI is the intra-individual coefficient of variation  250 
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Zp is the z-score selected to set the desired stringency of the interval and conventionally is 251 

set to consider a 5% false positive rate acceptable, which corresponds to a z-score of 1.96. 252 

[Although very widely used in biomedicine, the 5% false positive rate is arbitrary and could 253 

be set more stringently by altering the z-score in the formula; doing this will reduce 254 

proportion of individuals flagged as showing intervention effects.]  255 

 256 

For those variables with a non-normal distribution the lognormal method was used 257 

(Fokkema et al, 2006), in which the upper and lower boundaries are calculated separately.  258 

 259 

For our illustrative example on use of the reference change interval we compared stride 260 

length at week 3 and week 6 in the odc-sci.org SciCrunch database using a paired Student’s 261 

t test.  262 

 263 

It is evident, and previously documented (Batka et al., 2014), that many commonly used 264 

CatWalk outcome variables may be correlated with each other (for instance, run duration 265 

and stride length), or with the time to cross the walkway, and so we determined the 266 

Pearson correlation coefficients for these inter-relationships. We also wished to determine 267 

the variability in other, less commonly-used, methods of analyzing outcome after spinal 268 

cord injury that might be considered to provide evidence of the coordination between 269 

different limbs. Finally, we examined whether these other measures of coordination were 270 

correlated with run duration or run speed.        271 

 272 

Sample size decisions for calculation of reference change intervals are not well-defined, 273 

partly because different variables have different ratios between analytical and within-274 

individual variability (Røraas et al., 2012), but repeated measurements on relatively small 275 

numbers of individuals are known to provide satisfactory precision (Fraser and Harris, 1989; 276 

Braga and Panteghini, 2016). Specifically, it is recognized that increasing repeat testing on 277 
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individuals is preferable to enrolling more individuals (Røraas et al, 2012). In this 278 

experiment we analyzed 3 runs of 16 rats (therefore all were pair-housed) on each of 8 279 

occasions, following a period of training to competency.   280 

 281 

 282 

 283 

Results 284 

We recorded data on 3 runs at each of 8 weekly time points from all 16 rats included in this 285 

study, resulting in a pooled dataset of 384 measurements for each variable; the complete 286 

results are available online at odc-sci.org (doi: 10.34945/F54S3W). In the data as a whole, 287 

there was evidence of considerable variability, as might be expected, and this can be 288 

summarized by describing means, ranges, etc. However, such analysis fails to take account 289 

of the auto-correlation between repeated measurements made on the same individual. The 290 

mixed model repeated measures analysis used in this experiment extracts this information 291 

and partitions variability into that within and that between individuals. The PubMed search 292 

using the terms listed above detected 57 hits; from these the most commonly-used 293 

outcome measures were: base of support, stride length, regularity index, print area, duty 294 

cycle, swing duration, swing speed, maximum contact area, stance duration, mean 295 

intensity; in addition we examined run duration and average speed because of their 296 

relationship with many of these other variables. Each of these variables was then analyzed 297 

to derive a reference change value. 298 

 299 

For these commonly-reported outcomes (not including the regularity index) the reference 300 

change value – the amount by which a normal individual might vary between repeated 301 

measurements – varied between 20-137% of baseline values (see Table 3). Data from both 302 

hindlimbs were analyzed to assess repeatability and, as would be expected, the reference 303 

change values were similar between limbs (Table 3). We could not assess the regularity 304 
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index using this method because it is a percentage outcome with 100% being regarded as 305 

normal. The definition of 100% as normal implies a ceiling effect that creates an obstacle to 306 

quantifying variability.  307 

 308 

There was strong and significant correlation between most popular outcomes and the run 309 

duration, the exceptions were base of support and mean intensity (Table 4), both of which 310 

quantify aspects of paw placement. As expected, and previously reported (Batka et al., 311 

2014), variables such as run duration, (limb) swing speed and stance time, were strongly 312 

correlated with run speed. Most of the popular outcome measures were closely inter-313 

correlated. Important exceptions were the poor correlations between base of support and 314 

print area with swing duration and that between most measures of limb motion (except 315 

stride length) and mean intensity.   316 

 317 

Kinematic data can be used to examine the strength of temporal relationships between 318 

movements in different pairs of limbs (Diogo et al, 2019) and there are similar data are 319 

available from CatWalk that might be helpful in analyzing outcome following thoracolumbar 320 

spinal cord injury. In particular, CatWalk produces many measures of the temporal 321 

relationship between placement of two specific paws (see Batka et al, 2014), and which can 322 

be expressed as a percentage of contact time of one paw during the step cycle period of 323 

another. Some of these relationships are summarized as circular statistics (e.g. ‘CStat 324 

mean’, shown in Fig. 1) and can take values between 0 and 100. As an example, we 325 

determined that coupling between right hindlimb (RH) and right forelimb (RF) had a similar 326 

RCV to other popular variables: 31%. There was no apparent correlation between run speed 327 

and RH-RF coupling interval (r=-0.012; P=0.885; Fig. 1). 328 

 329 

Illustrative example 330 
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In order to provide a more concrete example of the use of individual analysis we applied our 331 

results to open source data provided on the odc-sci.org SciCrunch database 332 

(https://scicrunch.org/odc-sci/lab/view-dataset?labid=51&datasetid=131). These data are 333 

derived from rats that had unilateral C5 level spinal cord injuries and were then tested on 334 

the Catwalk at weeks 3 and 6 after injury (week 1 data were not available for logistical 335 

reasons during the original experiment). Rats in this database did not receive any test 336 

intervention. In the specific example we show below the data are those for right hindlimb 337 

stride length following NYU impactor injury (Gruner, 1992; Young, 2009) with a weight drop 338 

of 12.5mm.    339 

 340 

The analysis of our normal rats defined that, for animals at a functional plateau, the 341 

reference change value for hindlimb stride length is 28%, implying that a change of 28% or 342 

more from baseline value is necessary to indicate a meaningful change. As can be seen in 343 

Table 5, this difference is attained by 5 of 32 rats within the tested group. Conventional 344 

analysis by paired sample Student’s t test shows that there is a significant difference 345 

(means: week 3, 150.4 mm; week 6, 166.8 mm; P=0.0009) between the two time points 346 

(Fig. 2). A meaningful change (i.e. more than would be expected from analytical and 347 

physiological fluctuations alone) in 16% (5/32) of animals is more than would be expected 348 

by chance (the reference change interval boundaries are set with a 95% confidence interval 349 

[two tails of z-score of 1.96] implying that, on average, values for only 2.5% of the 350 

population would exceed the upper boundary). Nevertheless, the change in function 351 

between week 3 and week 6 is not ‘meaningful’ for 84% of animals, consistent with the 352 

majority of rats reaching a functional plateau on this outcome measure between 3 and 6 353 

weeks after injury.  354 

 355 
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In this example, change in function was generated by time alone, but the same principle 356 

could be used in other experiments to determine the proportion of individuals that exceed 357 

boundary levels of function following an intervention.     358 

  359 

 360 

Discussion  361 

This analysis of widely-used CatWalk outcome measures can enrich interpretation of 362 

experiments through provision of additional viewpoints on the data, therefore increasing 363 

robustness of analysis. In this experiment, we defined boundary limits of spontaneous 364 

variability in outcome measures within individual animals as they complete the CatWalk 365 

test. These boundary limits can then be applied, as we demonstrate in our example, to 366 

determine how many animals within an experimental group achieve meaningful change 367 

from baseline function and provides context to interpret the magnitude of that change. The 368 

ability to define outcomes in specific individuals and to define the proportion of individuals 369 

that have exceptional outcomes that is provided by this method complements standard 370 

analysis of group-level outcomes. Using the same dataset an investigator acquires two lines 371 

of evidence regarding intervention effect: the overall group effect and the proportion of 372 

individuals that show exceptionally good (or bad) outcomes.    373 

 374 

First, the large reference change intervals associated with many of the investigated CatWalk 375 

outcome measurements implies that only substantial changes from baseline would provide 376 

evidence for an intervention effect in any specific test individual. As we show in our 377 

illustrative example, this interpretation may, at first sight, seem at odds with the 378 

interpretation derived from routine examination of group-level data. The explanation of this 379 

difference is that, whilst there may be an improvement in measured function in many 380 

subjects in a group that is associated with a significant change on a standard statistical test, 381 

in contrast, at an individual level each subject may improve by less than that which occurs 382 
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spontaneously as natural variability in function. This is not to say that the group-level 383 

difference should be ignored, just that the individual-level analysis provides additional 384 

information; in our example for instance, it demonstrates that only a small proportion of the 385 

subjects make improvements beyond that which might be anticipated because of stochastic 386 

behavioral variation. The realization that only substantial changes in individual function are 387 

meaningful for many of these outcomes also aids in interpreting the magnitude of effect 388 

observed throughout the group as a whole. For instance, the group effect we detected in the 389 

illustrative example was a change in mean stride length of ~15mm, which amounts to 390 

~10% of the baseline (week 3) stride length. Comparison with the reference change value 391 

of 28% implies that the detected group level change is small when viewed in the context of 392 

the variability of an individual’s limb function. 393 

 394 

Reference change interval analysis of this type may be helpful for many experiments that 395 

are designed with an eye on translation to the clinic. To be therapeutically successful, 396 

clinical interventions (most relevantly here for spinal cord injury) need to have a noticeable 397 

benefit on individual patients (although this might also depend on cost-benefit ratio) 398 

(Steeves et al., 2012). For instance, a patient who is asked to consider receiving an 399 

intraspinal allograft cell transplant (that would carry considerable potential risk) would be 400 

likely to want to receive greater functional improvement than might be the current 401 

difference between their disability on a ‘good’ versus a ‘bad’ day. Therefore this individual-402 

level analysis can aid in increasing the rigor with which putative therapeutic interventions 403 

are selected to go forward to clinical trials. Use of CatWalk outcome measures in this 404 

context might be questioned, because only rats that have reasonable ability to walk can 405 

complete the CatWalk test and, as such, these animals may not appropriately model severe 406 

spinal cord injury in humans. For that reason, intervention benefit detected by CatWalk 407 

might not imply similar benefits would accrue in severely spinal cord-injured individuals 408 

(including people). On the other hand, analysis using the reference change interval as 409 
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described here can provide greater confidence in intervention effect and such reliable 410 

identification of an effect in any incomplete injury could be used as a first step to suggest 411 

similar benefit in incompletely injured humans.      412 

 413 

A second major benefit of using the individual-level analysis is to aid in designing efficient 414 

experiments, through two main routes. First, in the example dataset we can identify specific 415 

rats in which there was a meaningful change in stride length between week 3 and week 6. 416 

Examining the data suggests that those individuals had relatively short stride lengths at 417 

week 3 – and this information could be used to make future experiments more efficient. So, 418 

if spontaneous increase in stride length was largest in those with short strides at week 3, it 419 

would be advantageous to exclude such animals if the test intervention was thought likely 420 

to increase stride length: the individuals most likely to show spontaneous improvement will 421 

only add noise to the expected intervention signal. An alternative explanation might be that 422 

there is a ceiling effect in this dataset, such that many animals have already attained a 423 

‘normal’, or near-normal, stride length by week 3 after injury and that there is little scope 424 

for improvement by week 6. If this were the case, which could be confirmed by testing 425 

animals at later time points, then it would suggest that the experiment would be more 426 

efficient if a more severe injury model was used.    427 

 428 

We are aware that our analysis of the illustrative example assumes that we can apply the 429 

reference change intervals derived in our laboratory to data derived elsewhere and stress 430 

that we are simply using it as an example. Ideally, all laboratories would derive their own 431 

reference change intervals, because the precise conditions in which rats are tested may 432 

vary and so measurement variability within and between individuals might also 433 

consequently vary. However, this might not always be practical and an alternative approach 434 

is for training and testing methods to be standardized as much as possible between 435 

laboratories to facilitate comparison. Even so, there are many reasons to consider that 436 
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reference change intervals are largely an inherent property of the parameters that are 437 

measured – a well-recognized feature in clinical medicine (Ricós et al., 2004) – and are 438 

relatively robust. First, the reference change interval is derived from coefficient of variation, 439 

which standardizes variation against the mean within the same dataset, meaning that small 440 

changes in mean values will have little effect. Second, variability in sick individuals at a 441 

plateau is recognized to be generally similar to that in healthy individuals [Fraser and 442 

Harris, 1989] and, in human medicine, it is not generally necessary to construct individual 443 

reference change intervals for different groups of people (e.g. by age, ethnicity, etc) 444 

because they are associated with minimal effects (Jones, 2019). It is recognized that in 445 

acute sickness some measured values are more variable than they are in health (Ricós et 446 

al., 2017), but the effects on decision-making would be to make this individual-level 447 

analysis more (rather than less) sensitive than it should be (i.e. it will falsely identify too 448 

many individuals as exceptional). Finally, as others have noted (Ricós et al., 2004), a 449 

breached reference change boundary should be interpreted in combination with other 450 

factors – such as, in this context, group-level analysis - rather than as a brightline 451 

delineation between ‘abnormal’ and ‘normal’.  452 

 453 

When considering the future implications of our analysis of CatWalk data, an ‘ideal’ outcome 454 

measure would unequivocally quantify an aspect of spinal cord function and have a high 455 

level of precision and low intra- and inter- animal variation, meaning that any changes in 456 

function induced by an intervention would be easily detected. Furthermore, if a battery of 457 

tests is to be used it is important that each item should be independent. In this experiment 458 

we examined many of the most popular CatWalk outcomes and few meet all these criteria. 459 

First, many of these measures have high intra-animal variability – many have reference 460 

change values greater than 50% - indicating a need for substantial change from baseline to 461 

define an effect greater than could be attributed to spontaneous variation. Those outcome 462 

measures with high reference change values are likely to prove insensitive to intervention 463 
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effects. It is noteworthy that the variability in many outcomes was large despite us setting 464 

reasonably stringent rules about ‘compliant’ walkway traverses.  465 

 466 

Another difficulty is that many of the most popular CatWalk outcomes are correlated with 467 

each other, presumably through a mutual dependence upon run duration or run speed. 468 

Although this is not necessarily a problem if just one of these variables is used alone, it 469 

does become more problematic if several are used in a battery of tests, since essentially 470 

they are all providing similar information. On the other hand, we have found that some of 471 

the kinematic-like measures, such as the coupling between specific pairs of limbs, have 472 

reasonably low reference change values and so might be relatively sensitive in detecting 473 

effects of lesions of interventions. Furthermore, measures of limb coupling across the lesion 474 

site (i.e. fore and hind coupling) have the advantage that they are likely to measure aspects 475 

of spinal cord function that are susceptible to disruption by a thoracic lesion (Diogo et al., 476 

2019). As we demonstrate here, they also have the merit of not being susceptible to 477 

changes in run duration / run speed.    478 

     479 

An important aspect of designing experiments is having pre-defined outcome measures, as 480 

would be standard practice in clinical trials (Kendall, 2003), although in laboratory studies it 481 

is also necessary to consider the balance between exploratory and confirmatory intent 482 

(Kimmelman et al., 2014). CatWalk offers a plethora of variables to choose from, and if 483 

outcome measures are not pre-defined there is the risk that detected positive results might 484 

reflect random effects selected by the researcher after data generation (Wicherts et al., 485 

2016). For this reason it is essential for CatWalk experiments that the variables that will be 486 

used to determine the efficacy of an intervention are defined before the study commences 487 

and, also, if possible, the magnitude of change that can be defined as ‘meaningful’ is also 488 

pre-defined. Based on our analysis presented here it would seem prudent to select 489 
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outcomes that have minimal intra-animal variability and also not to restrict analysis only to 490 

outcomes that are inevitably correlated by their dependence on run speed (or duration).  491 

 492 

Therefore, based on our results we would suggest using stride length or swing duration and 493 

base of support or duty cycle as appropriate measures of hindlimb use following thoracic 494 

spinal cord injury, plus using hindlimb-forelimb coupling as a kinematic outcome that might 495 

be expected to quantify coordination mediated by the injured region of the spinal cord. The 496 

results we present here might also be helpful for defining minimum difference between 497 

groups in sample size calculations for future experiments using these outcome variables.   498 

 499 

Finally, as a limitation to this form of analysis, it is important to note that the derivation of 500 

reference change intervals is dependent on calculation of the within-individual coefficient of 501 

variation that, in turn, depends upon calculation of standard deviation. This implies a need 502 

for continuous numerical data and a range of values in normal individuals that does not 503 

include a floor or ceiling. Thus, commonly-used behavioral outcomes used in spinal cord or 504 

brain injury models that quantify times, distances, angles or forces, such as the rotarod, 505 

water mazes, open field maze, joint or limb position or kinematics, grip strength and sticky 506 

label removal, are clearly amenable to this analysis of variability. Non-behavioral tests such 507 

as electrophysiological measures and quantification of components of body fluids can also 508 

be analyzed by this method, although there is a requirement for repeated measures on 509 

normal animals, which must not in themselves be a cause of variation (e.g. repeated CSF 510 

sampling). Count data are less amenable, because outcomes are integers, but they can 511 

often be easily converted into counts per unit time or distance, and so the method may be 512 

adapted for the forepaw reaching, cylinder (rearing) and beam walking tests. It is also 513 

important to highlight that, although it is most straightforward to derive reference change 514 

values from normally distributed data, the method can be applied to non-normal data by 515 

using the log-normal method (Fokkema et al, 2006).  516 
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 517 

However, for two reasons, analysis of individual variability by calculation of a reference 518 

change value is not appropriate for outcomes that are derived from a scoring scale, such as 519 

the ‘BBB scale’ (Basso et al, 1995), the (modified) neurological severity scale or the 520 

Bederson scale (Bederson et al, 1986). First, by definition, normal animals almost invariably 521 

score at the floor or ceiling of these scales meaning that it is not possible to determine 522 

‘expected’ variability and, second, the attributed scores are not truly numeric and so the 523 

standard deviation has an uncertain meaning. Instead, for this type of outcome measure 524 

population-based reference intervals can be used to define boundaries within which defined 525 

proportions of the outcome values will fall at specific times after specific injuries, although 526 

such methods require much larger sample cohorts.      527 

 528 

 529 

  530 
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Figure legends 642 

 643 

Figure 1: Scatter plot between run speed and right hind / left fore coupling in normal rats 644 

on the CatWalk. There is no apparent correlation between these variables (r=-0.012; 645 

P=0.885).  646 

 647 

Figure 2: Right hind limb stride length at week 3 and week 6 after rats had received a 648 

unilateral C5 spinal cord impact injury (SciCrunch data).   649 
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Tables 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 1: CatWalk detection settings 

 

Camera Detection Settings Results Auto Detection Settings 

Camera Gain (dB): 12.00 

Green Intensity Threshold: 0.14 

Red Ceiling Light (V): 17.70 

Green Walkway Light (V): 16.0 

Maximum Green Intensity: 0 

Minimum Green Intensity: 256 

Range: -256 

Maximum Range from 197 to 203 

Frames Before Delta: 5 

Intensity Minimum: 85 

Table 2: Limits used to define a compliant run 

 

Run Criteria 

 

Minimum Run Duration: 0.5 seconds 

Maximum Run Duration: 5.00 seconds 

Minimum Number of Compliant Runs to Acquire: 3 

Use maximum allowed speed variation (left unchecked) 
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Table 3: Reference change values 

 

Table 3a: Overall measures of hindlimb function 

 

 

 

 

 

 

 

 

Table 3b: Hindlimb function – RIGHT 

Test Mean RCV (%) 

Stride length 17.68 cm 29.1 

Print area 1.82 cm2 65.0 

Swing duration 0.16 s 25.7 

Swing speed 112.52 cm/s 34.8 

Stance duration 0.23* s UP: 121.5; DOWN: 54.9 

Max contact area 1.39 cm2 73.2 

Mean intensity 103.61 AU 19.6 

Duty cycle 58.60 % 24.2 

 

 

 

 

 

 

 

Test Mean RCV (%) 

Run duration 3.29 s 69.3 

Average speed 36.87 cm/s 72.5 

Base of support 2.71 cm 34.4 

Coupling RHRF 45.12 % 31.6 

Coupling LHLF 45.40 % 30.8 
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Table 3c: Hindlimb function – LEFT 

Test Mean RCV (%) 

Stride length 17.71 cm 27.1 

Print area 1.83 cm2 66.1 

Swing duration 0.16 s 27.2 

Swing speed 112.45 cm/s 31.0 

Stance duration 0.23* s UP: 136.6; DOWN: 57.7 

Max contact area 1.41 cm2 71.5 

Mean intensity 103.63 AU 20.4 

Duty cycle 58.33 % 24.9 

 

 

 

Legend: RCV – reference change value; RHRF – right hind/right fore; LHLF – left hind/left fore; AU – 

arbitrary units; * indicates median value, not mean 
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 650 

 Run 

duration 

Stride 

length 

Base of 

support 

Print 

area 

Swing 

duration 

Swing 

speed 

Max 

contact 

Stance 

time 

Run 

speed 

Mean 

intensity 

Duty 

cycle 

Run 

duration 

1           

Stride 

length 

-0.454 1          

Base of 

support 

0.090 -0.268 1         

Print 

area 

0.219 -0.140 0.098 1        

Swing 

duration 

0.218 0.0207 0.046 -0.004 1       

Swing 

speed 

-0.487 0.720 -0.223 -0.071 -0.660 1      

Max 

contact 

0.183 -0.107 0.062 0.97 -0.021 -0.039 1     

Stance 0.568 -0.558 0.260 0.202 0.202 -0.546 0.354 1    
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Table 4: Pearson correlation matrix for commonly measured variables, right hindlimb  651 

 652 

 653 

 654 

Bold indicates P<0.05 655 

  656 

time 

Run 

speed 

-0.770 0.588 -0.161 -0.326 -0.326 0.660 -0.305 -0.716 1   

Mean 

intensity 

0.057 0.123 0.115 0.509 0.016 0.090 0.579 0.079 -0.060 1  

Duty 

cycle 

0.437 -0.673 0.235 0.515 -0.176 -0.361 0.458 0.773 -0.617 0.114 1 
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Table 5: Application of reference change interval analysis to previously published 657 

data on right hindlimb stride length following unilateral 12.5mm NYU impactor 658 

injury at C5 659 

Rat 

number 

Week 3 

Stride 

length 

(mm) 

Week 6 

Stride 

length 

(mm) 

RCV (from 

our study) 

Upper RCI 

boundary 

(= week 3 

+ RCV) 

Lower RCI 

boundary 

(= week 3  

- RCV) 

Week 6 

exceeds 

upper RCI 

boundary? 

Week 6 

less than 

lower RCI 

boundary? 

1 150.70 158.39 42.20 192.90 108.50 No No 

2 159.17 184.74 44.57 203.74 114.60 No No 

3 138.41 176.61 38.76 177.17 99.66 No No 

4 150.63 161.65 42.18 192.81 108.46 No No 

5 146.08 148.88 40.90 186.98 105.18 No No 

6 143.36 143.85 40.14 183.50 103.22 No No 

7 169.21 169.29 47.38 216.58 121.83 No No 

8 168.78 188.33 47.26 216.04 121.52 No No 

9 169.94 154.81 47.58 217.52 122.36 No No 

10 197.48 169.24 55.29 252.77 142.19 No No 

11 190.84 193.31 53.43 244.27 137.40 No No 

12 128.59 145.83 36.00 164.59 92.58 No No 

13 172.51 180.00 48.30 220.81 124.21 No No 

14 137.35 179.32 38.46 175.80 98.89 Yes No 

15 122.18 175.32 34.21 156.39 87.97 Yes No 

16 110.61 198.19 30.97 141.58 79.64 Yes No 

17 117.51 192.55 32.90 150.41 84.61 Yes No 

18 125.85 135.39 35.24 161.09 90.61 No No 

19 142.68 150.32 39.95 182.63 102.73 No No 

20 153.95 147.86 43.11 197.06 110.85 No No 
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 660 

 Key: RCV – reference change value; RCI – reference change interval 661 

 662 

 663 

21 153.02 170.64 42.85 195.87 110.18 No No 

22 154.96 166.54 43.39 198.34 111.57 No No 

23 154.82 189.25 43.35 198.18 111.47 No No 

24 149.06 176.97 41.74 190.79 107.32 No No 

25 126.54 140.62 35.43 161.97 91.11 No No 

26 156.21 183.76 43.74 199.95 112.47 No No 

27 163.30 170.99 45.72 209.02 117.57 No No 

28 130.30 172.69 36.49 166.79 93.82 Yes No 

29 150.85 132.10 42.24 193.09 108.61 No No 

30 164.72 153.03 46.12 210.85 118.60 No No 

31 172.34 167.85 48.26 220.60 124.09 No No 

32 141.57 158.13 39.64 181.21 101.93 No No 






